Low density llpoproteins (LDL) collected from 18 fasting humans were subjected to ion exchange chromatography on DEAE Sepharose. By this procedure, a LDL subfraction was isolated with an electric charge more negative than the LDL bulk. This LDL appeared to be mainly characterized by low phospholipld content, high free cholesterol and protein content, low esterlfled/free cholesterol ratio, and a high content of conjugated dlenes, particularly of cholesterol esters. This subtraction, In an amount ranging from 5% to 20% of total LDL, was characterized by the presence of apo B-100 and protein aggregates that were reactive to anti-apo B monoclonal antibodies. Electron microscopy showed the more electronegative LDL to be heterogeneous in size with a tendency to aggregate. This LDL had low binding capacity with high affinity receptors of flbroblasts and low Immunoreactlvlty with the monoclonal antibodies that recognize the receptor binding domain of apo B. Finally, the Incubation of this LDL subtraction with cultured macrophages led to a higher Increase In cellular cholesterol In spite of a lower rate of uptake as compared to the LDL bulk and to acetyl-LDL. The more electronegative LDL subtraction that we Isolated for chemlcophyslcal behavior and conjugated dlene content may represent the peroxldized aliquot of human LDL (Arteriosclerosis 8
N umerous studies have demonstrated that the plasma low density lipoproteins (LDL) are a heterogeneous collection of particles that vary in size, 1 density, 2 composition, 3 and electric charge. 4 The metabolic basis and physiological significance of LDL subtractions are unknown, although it now seems possible that some LDL forms are more atherogenic than others. 5 Recently a series of in vitro studies proved that modified forms of LDL, being more negatively charged than native LDL, cause accumulation of cholesterol esters in cultured macrophages 6 -7 -8 and induce cytotoxicity in cultured endothelial cells. 9 ' 10 The in vivo correlate of modified forms of LDL has not yet been identified although negatively charged LDL have been demonstrated in human atherosclerotic lesions. 11 This paper reports data on the isolation and partial characterization of a subtraction of plasma LDL more electronegative than normal LDL. This was accomplished through separation of LDL collected from fasting subjects by ion exchange chromatography. Because modification of LDL mostly involves a free radical-initiated lipoprotein peroxidation, 91 10 ' 12 the extent of lipid peroxidation was also analyzed in the two LDL fractions obtained. Chemical and chemicophysical characterization of the more electronegative LDL, as well as its content of conjugated dienes of cholesterol and triglyceride free fatty acids, supports the view that it represents a peculiar LDL subtraction, probably produced by in vivo peroxidation.
Methods

Patients
We studied 18 healthy normolipidemic males (plasma total cholesterol, 185 ± 28 mg/dl; triglycerides, 108 ± 42 mg/dl; high density lipoprotein cholesterol, 47 ± 9 mg/dl) ages 20 to 40 years. All patients included in the study gave their consent. The selected subjects had a body weight index below 1.2 and normal glucose tolerance and were following an isocaloric average Italian diet. Their family histories were negative for diabetes, hyperlipidemias, and early cardiovascular events. Physical examination and cardiovascular investigation, including a 12-lead electrocardiogram and a Doppler sonography of both sovraortic and peripheral arteries, showed normal values. They showed no evidence of alcohol abuse and were not receiving drugs known to influence lipid metabolism or lipid peroxidation. All the selected subjects were lipoprotein(a) (Lp(a)) negative, as judged by the absence of detectable Lp(a) amounts in radial immunodiffusion and rocket immunoelectrophoresis against anti-Lp(a). The choice of Lp(a)-negative subjects was made because Lp(a) is more electronegative than LDL, contains protein aggregates with a molecular weight higher than the major LDL apoprotein (apo B-100), and may be partly isolated in the density range of LDL. 13
Samples
Venous blood drawn after a 14-hour fast was collected in test tubes containing ethylendiamine tetraacetic acid (EDTA; 1 mg/ml); two antioxidants: reduced glutathione 79 (GSH; 0.5 mg/ml) and d-a-tocopherol (vitamin E; 50 /xg/ml); chloramphenicol (CAF; 0.05 mg/ml); and the phospholipase A2 inhibitor p-bromophenacyl bromide (p-BPB; 40 ^M). The blood was immediately centrifuged at 1500 g. LDL was prepared by density gradient ultracentrifugation from freshly drawn plasma using a Spinco-Beckman ultracentrifuge equipped with a SW-40 rotor, according to the method of Redgrave et al. 14 After separation, LDL were dialyzed for 24 hours under N 2 stream at 4°C in the dark against the starting buffer (0.04% NH 4 HCO 3 and preservative components as above, pH 7.2).
Ion Exchange Chromatography
The LDL were chromatographed on a 2 x 11 cm column of DEAE Sepharose CL4b (Bio-Rad, Richmond, Virginia) equilibrated with a starting buffer containing the preservative components. The LDL was eluted with a linear gradient from 0 to 0.3 M NaCI, prepared with a 11300 Ultrograd gradient mixer (LKB, Bromma, Sweden), at a flow rate of 13.5 ml/hour. The effluent was monitored at 280 nm for proteins and at 254 nm. With the latter wavelength, the presence of fatty acid conjugated dienes can be detected. 15 We collected 2-ml fractions for analysis.
Identification of LDL Proteins
LDL proteins of fractions eluted by ion exchange chromatography were identified by immunodiffusion analysis using specific polyclonal antibodies against apo B, apo A-l, apo C-ll, apo C-lll, apo E, apo Lp(a), and human albumin.
Electrophoretlc Methods
The LDL proteins were separated by polyacrylamide gel electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS) as described by Walker. 16 Aliquots of the LDL eluted by chromatography and containing 30 to 50 /xg of proteins were mixed with 50 /i\ of 10% SDS and heated at 100°C for 2 minutes. After cooling, such treated samples were used for electrophoresis. Electrophoresis was performed as previously described 17 in 2% to 9% polyacrylamide gel slabs containing 1 % SDS.
Western immunoblotting was performed as follows: After migration in SDS gel slabs, the separated protein bands were transferred electrophoretically at constant current (300 mA/3 hours) to nitrocellulose paper (Millipore) and processed as described by Marcel et al. 18 Appropriate monoclonal antibodies against apo B were added at dilutions ranging from 1/150 to 1/1500 to provide an excess of antibody relative to the apo B transferred to the nitrocellulose paper. Incubation with the antibodies lasted for 4 hours at 37°C. The paper was washed three times with buffer A and then incubated for 4 hours at 37°C with goat antimouse IgG (H + L) horseradish peroxidase conjugate (Bio-Rad) in 15 ml buffer A containing 3% bovine serum albumin (BSA) and 1% gelatin. The paper was washed four times with buffer A plus BSA and then one time with buffer A only. The bands were visualized with the color HRP development reagent containing 4-chloro-1 -naphthol (Bio-Rad).
Crossed agarose gel immunoelectrophoresis of LDL fractions obtained by chromatography was performed according to the method of Weeke 19 against polyclonal rabbit anti-human apo B.
Chemical Analyses
Proteins were assayed by the method of Lowry et al. 20 with human albumin as the standard. Total cholesterol (TC), free cholesterol (FC), triglycerides (TG), and phospholipid (PL) concentrations were determined enzymatically with specific test kits from Menarini (Firenze, Italy). Cholesterol ester (CE) concentrations were calculated as ( T C -F C ) x 1.68.
Estimation of Dlene-Conjugated Fatty Acids of Cholesterol and Triglycerides
Plasma lipids were extracted as described by Cowood et al. 21 Then 1 ml LDL subtractions were extracted with 8 ml chloroform/methanol (2:1). Diene-conjugated fatty acids esterified as CE and TG were measured by isocratic, high performance liquid chromatography (HPLC) performed on a Perkin-Elmer (Beaconsfield, England) apparatus comprising a Series 10 pump, a LC75 UV spectrophotometer, and a Sigma 15 data station. The column was Hibar Li-Chrosorb Si60 (Merk, Milan, Italy) with a mobile phase of hexane/a-propanol (997:3 vol/vol). For each analysis, 1 ml of chloroform phase was dried under a stream of nitrogen. The lipids were then resuspended in 100 fj.\ of the mobile phase. The detector was set at 234 nm against a blank extract and 20 /il were injected. Control plasma was analyzed with each batch. CE and TG were located using standard lipids in the HPLC system. The conjugated dienes (DC) were eluted as CE-DC, TG-DC, and DC derivatives, respectively, as minor products (DCP). The values of DC and DCP were expressed in integrated area units (i.a.u.). The results were given as CE-DC (i.a.u.)/total cholesterol (TC) (mmol/l); TG-DC (i.a.u.)ZTG (mmol/l), and DCP (i.a.u.)/(TC + TG) (mmol/l).
Electron Microscopy
Morphological characteristics of the subtraction were studied by electron microscopy (EM). Lipoprotein suspensions were diluted with Tyrode's physiological solution, were spread on carbon-coated grids, and were stained with 1% uranyl acetate in bidistilled water. The specimens were immediately observed on a Philips 400T electron microscope.
Flbroblast Culture
Human skin fibroblasts (HSF) were established from biopsies of normal subjects and were maintained in monolayer cultures by standard procedures. 22 ' ^ The HSF (104 cells/ml) were planted in 35 mm Petri dishes and were grown for 5 days in Dulbecco's modified Eagle's medium (DM EM) supplemented with 10% (vol/vol) fetal calf serum (FCS). After 5 days when the cells were almost confluent, the medium was removed and the cells were washed twice with Dulbecco's phosphate-buffered saline (PBS) before the addition of 2 ml DMEM containing 10% (vol/vol) of human lipoprotein-deficient serum. Experiments with the LDL subtractions were begun 24 hours later.
Assay for Binding
The ability of unlabelled LDL subtraction obtained by ion exchange chromatography to compete with 125 I-LDL, prepared according to the method of McFariane 24 was determined. All steps were carried out at 4°C on ice. After removal of the medium, the cell monolayers were washed by a standard technique. Then 1 ml of a solution containing LDL subtractions (at a final protein concentration of 1,3, 6, 9, 12, 15 ^g/ml) and 125 I-LDL (5 ^g/ml of protein) was added to the dishes and they were incubated for 4 hours with gentle shaking. The 125 I-LDL bound to high affinity sites was released by the addition of 1 % polyPO 4 in PBS after a gentle shaking of the dishes for 60 minutes at 4°C. Then 900 /JL\ polyPO 4 solution was removed for the 12S I assay.
Radloimmunoassay
Radioimmunoassays (RIA) were performed as described by Marcel et al. 18 by using monoclonal antibodies against apo B provided by the same authors. Plastic wells were coated overnight with 200 ^l of LDL (30 /xg/ml in 5 mM gtycine, pH 9.2) and were subsequently saturated by incubation for 1 hour with 250 jil BSA in PBS. Each antibody was appropriately diluted in BSA/PBS solution and was incubated overnight with dilutions of either the reference LDL (total LDL) or LDL subtractions. Next, 200 /x\ of these mixtures was added to the wells which had been washed with 1.15 M NaCI containing 0.025% Tween 20. The wells were incubated overnight and washed with the Tween/saline solution as above. Then 200 M' of 125 l-antimouse IgG diluted in BSA/PBS was added to each well and was incubated overnight. The wells were finally washed with the Tween/saline solution and counted for radioactivity. These competitive radioimmunoassays allowed us to compare the immunoreactivity of LDL subtractions with the various monoclonal antibodies to the immunoreactivity of total LDL.
Mouse Macrophage Cultures
Murine peritoneal macrophages were obtained from unstimulated NMRI-SPF mice (25 to 35 g) by peritoneal lavage in PBS containing 0.5 U heparin/ml. The peritoneal fluid was pooled and the cells were centrifuged at 400 g for 10 minutes at room temperature. 25 They were washed once with DMEM and resuspended in DMEM containing 10% FCS, penicillin (100 U/ml), and streptomycin (100 pig/ml). Then 0.5 ml of the cell suspension, corresponding to the number of cells from two mice ( 3 x 1 0 cells), were dispensed into 35 x 10 mm dishes containing 1 ml DMEM with the additions mentioned above and were then incubated in a humidified incubator at 37°C and 5% CO 2 . On the second day, each dish was extensively washed with 1 ml of DMEM without serum until there were no nonadherent cells visible under the microscope. Each dish contained 150 to 250 fig of total cell protein.
Determination of Macrophage-Assoclated Radioactivity
Dishes were chilled to 4°C for 30 minutes and then incubated with 125 l-nLDL, 125 l-mLDL, or 125 I-ACLDL and labelled according to the method of Markwell et al. 26 for 1 hour at 4°C. The experiments were performed according to the methods described by Goldstein and Brown 27 with 100 ^ig protein/ml. The uptake procedure was slightly modified from that described by Yatsu et al. 28 Cells were incubated at 37°C for different time intervals (see figure legends), then washed 10 times with 0.15 M NaCI. Cells were then dissolved in 0.1 M NaOH to assay for protein radioactivity. The acid-insoluble (peptide-bound) radioactivity was determined by protein precipitation of an aliquot of this solution with 10% (wt/vol) TCA. Free iodine was extracted with chloroform after oxidation with hydrogen peroxide. Radioactivity was assayed in an automatic gamma-counting system (Compugamma 1282, LKB).
Quantltatlon of Cellular Llplds
Cholesterol loading of macrophages was performed by incubating the dishes at 37°C with unlabelled nLDL, mLDL, and AcLDL. At the end of each incubation period, medium was removed from the dishes and the cells were harvested with a rubber policeman in 500 fi\ of PBS. They were transferred to a conical glass tube and sonicated three times with a Branson sonifer (Soest, the Netherlands) for 20 seconds in ice water at an intensity of 30 W. The homogenate was delipidated and the lipids were chromatographically separated on HPTLC-silica plates as described by Schmitz et al. 29 
Results
The elution pattern of LDL on ion exchange chromatography is shown in Figure 1 as determined by optical density and a wavelength of 280 nm showed that the bulk of LDL proteins was eluted with a NaCI concentration ranging from 0.12 to 0.14 M, followed by a more or less evident shoulder of proteins incompletely resolved from the major peak. With the optical measurements at a wavelength of 254 nm, we observed a peak corresponding to the bulk of LDL proteins followed by a second peak that overlapped the protein shoulder recorded at 280 nm.
The study of LDL proteins by SDS/PAGE stressed the presence in the LDL bulk of the apo B-100 band with poor evidence of the lower molecular weight peptides (apo B-74 and apo B-26). In the LDL subtractions collected with a higher ionic strength, we observed apo B-100 and also peptides having a higher molecular weight (Figure 2 ). These were reactive against monoclonal anti-apo B antibodies ( Figure 3 ) and are probably due to apo B aggregates. The treatment of the samples with mercaptoethanol did not change the electrophoretic patterns in the SDS-PAGE, indicating that S-S bonds are not involved in the aggregate appearance. By immunodiffusion, only apo B was detected in the LDL bulk. In rare cases in the samples containing apo B-100 aggregates, trace amounts of apo E and apo C were observed in addition to apo B. No immunoreactivity against apo A-l, apo Lp(a), or albumin was detected in any sample tested.
The chemical analysis of the 2-ml fractions eluted by ion exchange chromatography showed a sudden drop in the PL content corresponding to the second peak at 254 nm and to the appearance of apo B aggregates. Taking these features of the chromatographed LDL together, we subdivided this lipoprotein into two subtractions, operatively called nLDL (native LDL) and mLDL (modified LDL). The mean relative and absolute mass value and the percentage chemical composition of nLDL and mLDL from 18 subjects are shown in Table 1 . In mLDL, marked alterations in chemical composition were recorded. PL dramatically decreased, whereas proteins and FC increased. Minor, nonsignificant variations were observed in CE and TG content. The CE/FC ratio was significantly lower in mLDL than in nLDL. The determination of PL as inorganic phosphorus 30 was performed in five different samples of chromatographed LDL and confirmed the results obtained by the enzymatic assay.
In mLDL, ratios of CE-DC/TC and DCP/(TC + TG) were significantly higher than in nLDL. No significant differences in TG-DC/TG ratios were found (Table 1) .
By crossed immunoelectrophoresis, mLDL showed a higher electrophoretic mobility than nLDL (Figure 4) .
By density gradient ultracentrifugation of the prestained LDL subtraction, both nLDL and mLDL floated in the total LDL density range as determined by the method of Terpstra et al. 31 Electron microscopic examination revealed some morphological differences between the two LDL subtractions. The nLDL consisted of a homogeneous population of particles with a mean diameter of 23 nm; only a few particles had diameters of 20 or 30 nm. The mLDL were made up of more heterogeneous particles whose diameter ranged from 20 to 35 nm (mean diameter 27 nm). They exhibited a tendency to aggregate ( Figure 5 ).
Unlabelled nLDL efficiently competed with the binding of 125 l-labelled LDL with HSF with 50% inhibition at about 5/xg protein/ml and 90% inhibition at 15 /xg/ml. Unlabelled mLDL had only a small competitive effect on 125 I-LDL; 15% inhibition at 5 i*.g protein/ml and 50% at 15 /xg/ml ( Figure  6 ). In competitive RIA, nLDL efficiently competed for bind- ing with each of the various tested monoclonal antibodies (Figure 7) . The mLDL exhibited a significant affinity with the monoclonal antibodies, 1D1 and 2D8, but was significantly less reactive with 3F5 and particularly with 3A10 ( Figure 7) .
Incubation of cultured macrophages with mLDL resulted in a significantly lower rate of uptake as compared to nLDL and AcLDL preparations (Figure 8) . Conversely, mLDL led to a higher increase in cellular cholesterol almost totally due to FC, as compared to nLDL. The cholesterol accumulation in macrophages achieved with mLDL was, however, much lower in comparison with AcLDL (Figure 8) .
Further experiments were done to evaluate the possibility that the presence of mLDL might be due to the in vitro procedures of the lipoprotein preparation. Plasma samples were exposed without antioxidants for 0 to 24 hours in daylight at room temperature against a Na 4 HCO 3 buffer saturated with 0 2 , before LDL preparation and ion exchange chromatography. With this procedure, a minor resolution of the LDL subtraction was observed by optical density at a wavelength of 280 nm, and only a large peak was detected at 254 nm (Figure 9 ). The presence of apo B aggregates, together with lower molecular weight peptides due to protein breakdown ( Figure 10 amount of mLDL similar to that separated from freshly prepared LDL obtained. The nLDL rechromatographed after dialysis in the presence of the antioxidants did not show significant variations in the chemical composition ( Table 2 ). The analysis of nLDL rechromatographed after a 24-hour exposure to O 2 without antioxidants showed increased values of CE-DC, TG-DC, and particularly of DCP. Nevertheless, even with this procedure, we were not able to reproduce a loss of PL from LDL or a PL-depleted fraction of LDL.
Discussion
Modified forms of LDL are considered potentially atherogenic because uptake of these particles can lead to accu-mulation of CE in cells of the mononuclear phagocyte system 8 ' 7|8 ; moreover, they are toxic for cultured endothelial cells. 9 ' 10 The methods used for the production of modified LDL in vitro are various. Some of these, such as acetylation, probably do not occur in vivo; others such as lipid peroxidation, 910 interaction with malondialdehyde released by aggregating platelets, 7 and interaction with endothelial cells 8 may occur in vivo. The production of more electronegative charged particles is the common denominator in LDL modification. 7 ' 9 ' 10 ' 12 Thus, we used anionic exchange chromatography to isolate a LDL subfraction with an electric charge more negative than the bulk of LDL. By this procedure, a mLDL subtraction in an amount ranging from 5% to 20% of the total LDL was found in N.CI(M) 10 100 .7b
.150 14 16 II ?S Figure 9 . Representative elution profile of LDL obtained from plasma exposed to O 2 for 24 hours at room temperature in the absence of antioxidants. normal subjects. This LDL was mainly characterized by a low PL content, a high FC and protein content, a low CE/FC ratio, and higher DC-CE/TC and DCP/(TC + TG) ratios. This subtraction was made up of particles that were heterogeneous in size and had a tendency to aggregate. Furthermore, mLDL showed a low binding with high affinity receptors of fibroblasts.
A similar lipoprotein has never been described in vivo, probably because of the low amount in fasting plasma. Through in vitro manipulations, we did not obtain a LDL subtraction with the same peculiarities. Moreover, it is remarkable that the mLDL found in vivo shares many features of in vitro modified LDL. Actually, O 2 -treated LDL 32 and malondialdehyde-or 4-hydroxynonenal-treated LDL 33 ' M show faster electrophoretic mobility and the presence of apo B aggregates. Some features of mLDL resemble those of endothelial-conditioned LDL (EC-LDL). Like EC-LDL, mLDL show a faster electrophoretic mobility, a higher content of protein, and decreased CE content. 8 ' 12 LDL modification by EC involves free radical-initiated peroxidation and induces an extensive hydrolysis of phosphatidylcholine, which in vitro remains associated with LDL. 12 The sharp decrease of PL in mLDL may be explained by the finding that oxidized PL are more susceptible to hydrolysis by phospholipases than normal LDL. 35 In contrast to EC-LDL, mLDL are larger than nLDL and show the presence of apo B aggregates instead of tower molecular weight apo B species. These discrepancies may be due to the differences in the phenomena involved in vitro or in vivo during the production of more negatively charged LDL. It is known that lipid peroxidation induces aggregation of various proteins, like cell membrane proteins, enzymes, and immunoglobulins. 36 ' 37 Probably only the overphysiologic peroxidative stress that may be produced in vitro induces a protein breakdown. Furthermore, in an in vivo experiment, Raymond and Reynolds 38 demonstrated that LDL prepared from rabbit interstitial inflammatory fluid, which Is notoriously rich in free radicals, are heterogeneous in size, have a larger mean diameter, and do not show apo B fragmentation.
The low binding capacity of mLDL for high affinity receptors of fibroblasts is probably due to its electric charge and the involvement of the apo B binding domain in high molecular weight aggregates. It is also possible that PL play a role in the conformation of binding domain of the apoprotein. This appears to be further confirmed by the competitive RIA with different monoclonal antibodies. The mLDL maintains a normal immunoreactivity with the 1D1 and 2D8 monoclonal antibodies that recognize apo B sites not involved with the LDL receptor binding. 18 Conversely, mLDL shows a very low immunoreactivity with EF5 and 3A10 antibodies that, according to Marcel et al. 18 recognize antigenic sites of apo B close to the LDL receptor recognition domains.
The subtraction that we have isolated is different from many forms of in vitro modified LDL and does not show an enhanced uptake in cultured macrophages. Recently, however, it has been found that oxidation of LDL by human monocytes results in less uptake and less stimulation of CE synthesis by macrophages than control LDL. 39 In our experiments, mLDL led to a higher increase in cellular cholesterol, particularly unesterified pholesterol, as compared to nLDL. The unusual increase of FC could be either due to an induction of cholesterol synthesis by mLDL or, alternatively, by a higher exchange or transfer of cholesterol from mLDL to the macrophages.
The physiological and the pathological role of mLDL is as yet unknown, even if the reported data support the hypothesis that it may be principally produced by LDL peroxidation In vivo.
